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Ena/VASP Proteins Regulate
Cortical Neuronal Positioning
(Figure 1). Antibody controls confirmed the specificity
of staining (data not shown). In the cortex, therefore,
Ena/VASP proteins exhibit overlapping expression pat-
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2 Department of Genetics (A.S. Menzies, K.L.G., R. Fassler, and F.B.G., unpub-
lished data) and the lack of an EVL knockout precludedHoward Hughes Medical Institute
Harvard Medical School a loss-of-function genetic approach to address the role
of Ena/VASP proteins in cortical neuronal migration. ToBoston, Massachusetts 02115
circumvent this problem, we adapted a strategy em-
ployed successfully to neutralize the function of Ena/
VASP proteins in fibroblasts [5] for use in the developing
Summary
cortex. This approach exploits the highly specific inter-
action of the amino-terminal EVH1 domain of Ena/VASP
Development of the multilayered cerebral cortex in-
proteins with a mitochondrially targeted, oligomerized
volves extensive regulated migration of neurons aris-
version of the EVH1 ligand motif DFPPPPXDE (abbrevi-
ing from the deeper germinative layers of the mam-
ated FP4-MITO). Expression of FP4-MITO depletes Ena/malian brain [1]. The anatomy and formation of the
VASP proteins from their normal subcellular locations,
cortical layers has been well characterized; however,
sequesters them on mitochondria, and neutralizes their
the underlying molecular mechanisms that control the
function (Figures 2A and 2B and the Supplementary
migration and the final positioning of neurons within
Material available with this article online). Extensive con-
the cortex remain poorly understood [2, 3]. Here, we
trol experiments indicated that this approach is effective
report evidence for a key role of Ena/VASP proteins,
and highly specific for Ena/VASP proteins (no additional
a protein family implicated in the spatial control of
Ena/VASP binding proteins or F-actin were detected
actin assembly [4] and previously shown to negatively
on mitochondria). In fibroblasts, the expression of FP4-regulate fibroblast cell speeds [5], in cortical develop-
MITO phenocopied genetic deficiency of Ena/VASP [5].
ment. Ena/VASP proteins are highly expressed in the
Retroviral vectors encoding either FP4-MITO or thedeveloping cortical plate in cells bordering Reelin-
specificity control in which the essential phenlyalanine
expressing Cajal-Retzius cells and in the intermediate
residues in the EVH1 ligand was mutated to an alanine
zone through which newly born cells migrate. Inhibi-
(CON) [5] were generated. To facilitate detection of in-
tion of Ena/VASP function through retroviral injections
fected neurons, a human placental alkaline phosphatase
in utero led to aberrant placement of early-born pyra-
(PLAP) reporter gene under the control of an internal
midal neurons in the superficial layers of both the em-
ribosomal entry sequence (IRES) was included in the
bryonic and the postnatal cortex in a cell-autonomous
constructs (Figure 2A). By injecting these retroviruses
fashion. The abnormally placed pyramidal neurons ex-
into embryonic brains in utero, we could target prolifer-
hibited grossly normal morphology and polarity. Our
ating cells in the cortical ventricular zone and follow
results are consistent with a model in which Ena/VASP
their subsequent positioning through PLAP expression.
proteins function in vivo to control the position of neu-
Injection of parental retroviral vector (LIA), CON, or FP4-rons in the mouse neocortex.
MITO viruses into E11.5–12 mouse embryonic brains in
utero led to a similar range of infected neuronal deriva-
tives in the cortex, including pyramidal neurons, in-Results and Discussion
terneurons, and glia (Figures 2C–2F, 3A, and 3B; data
not shown). Interestingly, all FP4-MITO-infected cells ex-Based on the functions of Ena/VASP proteins in fibro-
blast migration in vitro [5], the high expression levels of hibited grossly normal morphology (compare Figures 2C
and 2D pyramidal cells; data not shown). These resultsthe three well-conserved mammalian members of this
indicate that infected cortical cells can differentiate intofamily (Mena, VASP, and EVL) in developing brain [6],
various neuronal derivatives despite neutralization ofand the genetic interactions between Dab and Ena in
Ena/VASP functions.Drosophila [7], we hypothesized that Ena/VASP proteins
We focused on the consequences of neutralizing Ena/might be required for neuronal migration in the neo-
VASP protein function in cortical pyramidal cells, as thecortex in vivo. Immunohistochemistry indicates that all
majority of these cells migrate exclusively in a radialthree family members are highly expressed in the E14.5
mode [1]. During corticogenesis, neurons leave the ger-mouse neocortex, particularly in cortical plate cells that
minal areas of the ventricular zone (VZ) and migrateborder Reelin-expressing Cajal-Retzius cells, as well as
through the intermediate zone (IZ), eventually formingin the intermediate or transition zone of migratory cells
the cortical plate (CP), precursor to cortical layers II–VI
[8]. Later-born neurons move toward the pial surface,3 Correspondence: fgertler@mit.edu
past established layers of earlier-born neurons. Thus,4 Present address: Department of Research Computing, Dana Farber
the cortex forms in an “inside-out” manner in whichCancer Institute, Harvard Medical School, Boston, Massachusetts
02115. neurons in deeper cortical layers are older than those
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Figure 1. Expression of Ena/VASP Proteins
in E14.5 Neocortex
Double immunofluorescence showing Ena/
VASP expression in green, CR50/reelin-posi-
tive cells in red, and DAPI nuclear staining in
blue. The layers of the cortex are as indicated.
Panels show expression patterns of Mena,
VASP, and EVL. MZ: marginal zone, CP: corti-
cal plate, IZ: intermediate zone, VZ: ventricu-
lar zone. The scale bar represents 100 m.
in more superficial layers (Figure 3D). In mice, cortical infected neurons indicated that a substantial fraction of
neurons were located more superficially with respect tomigration is completed largely before birth. We exam-
ined the final positions of infected neurons in postnatal CON-infected neurons (Table 1). No change, however,
was observed in the overall distribution of FP4-MITO-animals that had been injected at E11.5. In animals in-
jected with control retroviruses, infected pyramidal neu- infected glial cells versus CON-infected glia, suggesting
that inhibition of Ena/VASP proteins does not shift therons were found mostly in deeper layers of the postnatal
cortex, as expected, (Figures 3A and 3C), similar to neu- regional distribution of non-neuronal cells.
The abnormal presence of FP4-MITO-infected cells inrons infected with parental LIA vector (data not shown).
Injection of FP4-MITO retroviruses at the same stage of superficial cortical layers could arise from the delayed
onset of neuronal migration or from a change in the ratecortical development, however, showed a striking shift
of infected pyramidal neurons to more superficial layers or termination of migration. In particular, delayed onset
of migration might place infected cells with a cohort ofof the postnatal cortex (Figures 3B and 3C). Interestingly,
the abnormally placed pyramidal neurons displayed a later-born neurons that normally migrate to layers II/III.
To distinguish between these possibilities, we injectedgrossly normal morphology and were appropriately ori-
ented with single axons directed to the interior of the animals at E11.5 and examined neuron positions 3 days
later, at E14.5, when the cortical plate is just developingcortex and multiple dendrites extending toward the pial
surface. The remaining population of normally placed and neurons are actively migrating. E14.5 represented
the first stage in which we expected to see any pheno-PLAP-positive neurons may represent cells that were
infected by the retrovirus but failed to express sufficient type, as E11.5 was the earliest stage at which we could
inject, while the additional time was required to ensurelevels of FP4-MITO to neutralize enough Ena/VASP func-
tion to induce the positioning phenotype. Figure 3D illus- retroviral infection and subsequent accumulation of suf-
ficient FP4-MITO within infected cells. Again, FP4-MITO-trates locations of retrovirally infected neurons (green
diamonds) in the context of normal coriticogenesis. infected cells were located more distally than CON-
infected (Table 1) or LIA vector alone-infected cells (dataQuantification of positions of all types of FP4-MITO-
Figure 2. Expression of FP4-MITO Retrovirus
Does Not Affect Gross Morphology of Neural
Cell Types
(A) A schematic showing retroviral constructs
used in experiments. FP4-MITO and CON re-
troviruses consist of portions of four repeats
of the EVH1 ligand (FP4) fused to EGFP at the
C terminus; for CON, the equivalent motifs in
which the critical phenylalanine residues are
converted to alanine were used. The F-to-A
mutation prevents the CON construct from
binding the EVH1 domain of Ena/VASP pro-
teins but contains all other sequences pres-
ent in the FP4-MITO construct and serves as
a specificity control for Ena/VASP-indepen-
dent effects (see the Supplementary Material
for details). Both constructs contain a mito-
chondrial anchoring domain (Mito) and hu-
man alkaline phosphatase under an internal
ribosomal sequence (IRES-PLAP).
(B) A cartoon illustrating the mitochondrial
sequestration of Ena/VASP proteins via EVH1
interactions with FP4-MITO.
(C–F) A representative set of cortical cells infected with retroviruses. Infected neurons are stained for the PLAP marker in black. (C) A pyramidal
neuron from a CON-injected animal. (D–F) A representative set of neural-derived cortical cells expressing FP4-MITO. (D) Pyramidal neuron,
(E) interneuron, and (F) glial cells. The top of the photos is apical. Note that the FP4-MITO-expressing pyramidal neuron in (D) exhibits grossly
normal morphology and polarity (compare with the CON neuron in [C]). The scale bar represents 100 m.
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Figure 3. E11.5 FP4-MITO Injection Results in
Shift of Pyramidal Neurons to Superficial Lay-
ers of Postnatal Neocortex
(A) CON-injected brain section.
(B) FP4-MITO-injected brain sections. The bot-
tom panels show higher magnification of rect-
angularly marked regions in the upper panels
highlighting the pyramidal cells (indicated
with arrows). L: cortical layer, MZ: marginal
zone.
(C) A histogram summarizing E11.5 injection
results in postnatal brains. The x axis indi-
cates the cortical layer regions and retrovirus
used. No PLAP-positive pyramidal neurons
were seen in the marginal zone/layer1 in ei-
ther control or FP4-MITO injections; thus, this
category was omitted for clarity in the graph.
The y axis indicates the percentage of totally
marked pyramidal neurons counted that are
located in the given cortical layer.
(D) A cartoon illustrating the abnormal posi-
tioning of retrovirally infected neurons, green
diamonds (and green, dashed path), in rela-
tion to the normal development of the cortex.
Older neurons are depicted by yellow dia-
monds, and younger neurons are progres-
sively redder. Wild-type cortical migration
paths (arrowed paths) are shown for the vari-
ous birth dates; the oldest neurons (born on
E11.5) end up in the deeper layers, and the
youngest are in the more superficial layers
(II/III). The top of the diagram is the pial sur-
face, and the bottom is the ventricular area
of the cortex.
not shown). Since pyramidal neurons are not morpho- ronal positioning. Combined neutralization of Mena, VASP,
and EVL proteins results in abnormal neuronal position-logically distinct at this stage of corticogenesis, it was
not possible to distinguish exclusively radial-migrating ing throughout corticogenesis, indicating that control of
migration is perturbed, a finding that is consistent withcells within the infected population. Taken together,
however, these studies suggest that the aberrant loca- previous cell-culture observations [5]. The observed ef-
fects on the final positioning of pyramidal neurons aretion of FP4-MITO-infected pyramidal neurons is unlikely
to arise from delayed onset of migration from the VZ likely to result from a mechanism involving aberrant neu-
ronal migration. It is, however, formally possible thatand suggests that migration rates may be increased by
neutralization of Ena/VASP protein function. inhibition of Ena/VASP proteins alters neuronal cell fate
at birth in addition to affecting migration.The largely extraventricular zone locations of infected
cells (Table 1) argue against the possibility that Ena/ Interestingly, cortical cells can differentiate into a
range of neuronal derivatives and present grossly nor-VASP proteins change cell fate rather than migratory
behavior. To address this issue more closely, we com- mal morphology and polarity in the absence of Ena/
VASP function, despite profound effects on cell position-pared locations of infected neurons in the developmen-
tally more advanced lateral cortex to the more retarded ing. While the actin cytoskeleton is essential for neuronal
polarization [9], our results indicate that regulation ofmedial cortex within the same animals. We observed
that retrovirally infected cells in the medial cortex fol- actin dynamics by Ena/VASP is dispensable for cortical
neuronal morphogenesis.lowed the same trends as infected cells in the lateral
cortex, also being shifted more superficially (data not With our methodology, we have evaluated the role of
all three members of the Ena/VASP family in neuronsshown). No PLAP-positive pyramidal cells were found
in the marginal zone. migrating through a wild-type cortex, bypassed the le-
thality associated with the Mena/VASP double knock-
out, and addressed possible compensatory and over-Role of Ena/VASP Proteins in Cortical
Development lapping functions that may exist within the family. To
date, other molecules involved in cortical migration haveOur results indicate that Ena/VASP proteins are key
components in the pathways that control cortical neu- been generally studied in animals or humans with muta-
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Table 1. Summary of the Locations of E11.5 Retrovirally Infected Neurons in the Postnatal and E14.5 Cortex
Postnatal Cortical Layer
Superficial Layers Deeper Layers
All Neurons
Retrovirus MZ/1 Layers 2 and 3 Layer 4 Layers 5 and 6
CON 10.9% (23/202) 29.7% (60/202) 4% (8/202) 55.4% (112/202)
FP4-MITO 8.2% (13/158) 60.1% (95/158) 5.1% (8/158) 26.6% (42/158)
Significance p  0.0004 p  0.0003
Pyramidal n. MZ/1 Layers 2 and 3 Layer 4 Layers 5 and 6
CON 0% (0/75) 14.7% (11/75) 5.3% (4/75) 80% (60/75)
FP4-MITO 0% (0/76) 47.4% (36/76) 2.6% (2/76) 50% (38/76)
Significance p  0.0063 p  0.0169
Glia only MZ/1 Layers 2 and 3 Layer 4 Layers 5 and 6
CON 8.1% (10/124) 39.5% (49/124) 6.4% (8/124) 46% (57/124)
FP4-MITO 10.9% (15/138) 29% (40/138) 10.7% (15/138) 49.2% (68/138)
E14.5 Cortical Layer
MZ CP IZ VZ
CON 9.5% (8/84) 17.9% (15/84) 52.3% (44/84) 20.2% (17/84)
FP4-MITO 9.8% (8/82) 56.1% (46/82) 28% (23/82) 6.1% (5/82)
Significance p  0.00001 p  0.01198 p  0.0006
The top summarizes postnatal cortex locations of all PLAP-positive neurons, PLAP-positive pyramidal neurons, and PLAP-positive glial cells
that were infected at E11.5 with the indicated retroviruses. We employed the 2 test to examine the significance of the FP4-MITO versus the
control data set. For the category of all neurons, 2  3.357E10; for pyramidal neurons, 2  2.90E19; and for glia, 2  0.07, indicating
statistically significant differences in the first two categories. To distinguish among experimental variations from sample to sample, we also
performed the Student’s test, in which the number of separate postnatal embryonic brains (n) examined was n  6 for CON, and n  3 for
FP4-MITO. p values listed indicate statistical significance using the t test. Note that in either all marked neurons or pyramidal neurons alone
categories, FP4-MITO-infected cells were statistically located more superficially than CON-infected cells. n: neurons, MZ/L1: marginal zone/
layer 1. The numbers in parentheses indicate actual cells counted over totals. Similarly, the bottom of the table shows that FP4-MITO-infected
cells at E14.5 are already located more distally than the CON-infected cells, namely, in the developing cortical plate (CP) and intermediate
zone (IZ), as opposed to controls, which are located in IZ and ventricular zones (VZ). MZ: marginal zone. 2  4.15E22 for FP4-MITO versus
the control, indicating statistically significant differences. Student’s test (CON, n  4; FP4-MITO, n  4) p values are listed indicating statistical
significance.
tions or targeted gene disruptions that result in the in a Dab/ background [14]. The failure of Ena/VASP-
neutralized cells to migrate into the marginal zone mayglobal disruption of cortical layering [3, 10–11]. These
be due to the presence of a mostly normal cortex thatknockouts, while informative, cannot distinguish be-
induces a “bystander” effect by retarding the movementtween phenotypes resulting from overall developmental
of infected cells. It will be interesting to determinefailure of the cortex and defects arising at the cellular
whether neutralization or deletion of Ena/VASP through-level. Our system, in effect, provides a chimeric analysis
out the entire cortex results in a phenotype more remi-and demonstrates that neutralizing Ena/VASP proteins
niscent of Reeler/Dab-1.alters cortical neuronal positioning cell autonomously.
A critical step in cell migration involves actin-driven
lamellipodial extension [15]. Ena/VASP proteins are con-Models for Ena/VASP Actions in Cortical
centrated at the leading edge of lamellipodia in proportion
Neuronal Positioning
to their protrusive velocity [4]. Removal of Ena/VASP pro-
During corticogenesis, radially migrating neurons move teins from fibroblasts’ lamellipodia results in an in-
through two mechanisms, glialphilic locomotion, in which creased net rate of cell translocation [5] and correlates
neurons associate closely with radial glial fibers and with changes in lamellipodial behavior and underlying
migrate in a saltatory manner [8], or somal translocation, actin ultrastructure (J. Bear et al., personal communica-
which is independent of radial glia [12]. Individual neu- tion). Ena/VASP proteins are concentrated in filopial tips
rons utilize either or both modes of migration during and at the edge of lamellipodial veils in neurons [6]. Our
corticogenesis. Whether Ena/VASP proteins are required results suggest that Ena/VASP proteins could regulate
for both somal translocation and glial locomotion re- neuronal lamellipodial behavior in response to signals
mains to be determined. from the cortical environment. The most extensively
The effects of neutralizing Ena/VASP proteins differ characterized pathway known to regulate cortical migra-
from phenotypes arising in Reeler and mDab-1 mutant tion involves signaling through Reelin receptors, which
mice in that Ena/VASP-deficient neurons stop short of ultimately leads to the tyrosine phosphorylation of
the marginal zone [10, 13]. While Dab-1 function is gen- mDab-1 [10, 13]. Given the potent genetic interactions
erally cell autonomous during radial migration, in chime- observed between Ena and Dab in Drosophila [7], it will
ric studies, a subpopulation of Dab / cells showed be interesting to determine whether this pathway also
abnormal positioning suggestive of non-cell autono- regulates Ena/VASP proteins during mammalian corti-
cogenesis.mous behavior; for example, invading the marginal zone
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Supplementary Material
Supplementary Material including the Experimental Procedures as
well as references pertaining to the Experimental Procedures is
available at http://images.cellpress.com/supmat/supmatin.htm.
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